ABSTRACT: Growth and mortality of 3 species (Inversiula nutrix, Celleporella bougainvillei, Fenestrulina rugula) of encrusting bryozoans were examined from 5 Antarctic localities, along a latitudinal gradient. Typically, growth in marine invertebrates is, for ecological equivalents, slower or much slower in cold seas than warm waters. Contrary to the general trend, growth rates of 3 bryozoans were found to accelerate with increasing latitude in Antarctic waters. Population age structure also showed a dramatic change across the 5 study sites (from 54 to 68°S) through hugely increased mortality with increasing latitude. Reduction in inter-specific competition is theorised as explaining higher growth rates. Increased levels of ice scour are probably responsible for the differential mortality. 
INTRODUCTION
The tempo of growth in marine invertebrates is, for ecological equivalents (species occupying similar niches), typically slower in cold seas than in warm waters (Everson 1977 , Berkman 1990 , Arntz et al. 1994 , Brey et al. 1995 , Peck et al. 1997 . Of the polar marine invertebrates studied to date, most have been found to have considerably lowered basal metabolism, reproductive effort and growth rates (the latter determined by counting of growth-check lines). Growth measurements have found large within-and between-taxa variance in polar invertebrates. For example, bryozoan and mollusc growth in polar species has been found to vary from comparable to ≥10× slower than in warmwater species , Pearse et al. 1991 . A few sponge and ascidian species have, however, growth rates comparable or faster than equivalent warm-water species (Dayton et al. 1974 , Rauschert 1991 . The growth-check lines on some brachipods suggest they may grow very slowly in Antarctic waters (Brey et al. 1995) . The recent discovery of a greater than annual frequency of growthcheck line production in brachiopod shells (Peck & Brey 1998) suggests that even some of the earlier estimates may be inflated due to previous assumptions of annual periodicity of such marks.
Whilst slower polar growth has long been considered a valid generalisation, the principal cause of this generalisation has been unclear and debated. The brevity of food (phytoplankton) availability (Clarke 1988 ) and low temperature per se (Pearse et al. 1991) have been suggested as possible explanations for poor polar secondary productivity. Although certain suspension feeders have been found to feed and grow for most of or throughout the year, the levels of available food are low , Barnes & Clarke 1995 , while temperature has been suggested as being important, in particular with respect to larval development times (Bosch et al. 1987 , Pearse et al. 1991 . The low variation of temperature within the Southern Ocean would suggest that temperature is unlikely to influence any comparison of life characteristics within polar waters.
Growth-rate variation with latitude, for any given species, has not been compared within cold (polar) waters, with the exception of 1 preliminary study. Barnes & Arnold (1999) showed that certain shallow-water species were abundant and common at certain localities along the Scotia Arc and that there was a suggestion of higher growth at an Antarctic Peninsula site than further north. Both growth and population age structure had simply been determined by counting faint growth-check lines. Such rings in these species had previously been determined as annual in periodicity. We compared populations of 3 species of bryozoans between the localities of South Georgia (54°S), Signy Island (60.5°S), Dobrowolski Island (63°S), Galindez Island (65.5°S) and Adelaide Island (68°S). The purpose of the growth and mortality measurements was to clarify the following: (1) Do growth rates of the same species vary between sites and are the level and trend of between-site variation similar in each of the 3 study species? (2) Is there evidence that mortality rates of the same species vary between sites and are the level and trend of between-site variation similar in each of the 3 study species? (3) Do any observed (between-site) differences in growth and/or mortality follow a latitudinal trend?
METHODS
The sites were chosen to span the latitudes encompassed by the Southern Ocean, and are shown in Fig. 1 . The northernmost limit of the Southern Ocean, determined by the Polar Frontal Zone, varies with season and longitude (Dell 1972) . The study island of South Georgia (54°S) is at this extreme whilst the southern-most study locality, Adelaide Island (68°S), is nearly at the opposite extreme. Although there is ocean beyond 68°S, it is mainly covered with sheet ice, and thus not only difficult to sample but also under a very different environmental regime than our study sites. The sites between these 2 extremes were other islands along the Scotia Arc. Only the small and exposed South Sandwich islands lie between South Georgia and Signy Island, but for logistic reasons these could not be sampled. All sites are inside the Polar Frontal Zone, and thus are subject to similarly narrow fluctuations and absolute sea-temperature regimes (Arntz et al. 1994) . Between Signy Island (60.5°S) and McMurdo sound (77.5°S) there is a 0.1°C difference in winter sea temperature and a 2.0°C difference in summer sea temperature. At the time of collection, the site with the warmest sea temperature was South Georgia (1°C) and the coldest site was Adelaide Island (0.5°C). The duration of sea-ice has not been measured at most sites to date, but typically increases with increasing latitude along the sites (Barnes 1999a) .
There are few encrusting species common to all 5 of the study localities, at a standard depth, and abundant enough for sampling. Three cheilostomatid bryozoan species, Inversiula nutrix, Celleporella bougainvillei and Fenestrulina rugula, were the most common and abundant overall (see Barnes & Clarke 1998 , Barnes & Arnold 1999 . Of the study species, I. nutrix occurred at all 5 study localities, whilst C. bougainvillei and F. rugula were present at only 4 of the 5. A random sample of about 50 rocks was collected from 6 m depth along the shore at each of the study sites using SCUBA in the Austral summer of 1997/1998. The rocks varied in size from a few cm 2 to a few hundred cm 2 surface area. All colonies of each of the 3 study species were counted and measured.
The mean proportion of each age class (within localities) was assessed by averaging the number of 2, 3, 4 and 5 yr class colonies for every hundred 1 yr old colonies counted. The measurements recorded for each colony were the number of (annual) growthcheck lines, the surface area (mm 2 ) and the size in number of modular units or zooids. The size (in area and zooid number) at each age was measured for each colony. That is, for a 3 yr old colony, size was measured at its 1 yr band, 2 yr band and 3 yr band. Surface area was measured by tracing round colonies and measuring the 2-dimensional area using digitising imageanalysis equipment. The number of zooids per colony was actually counted by eye, through a dissecting microscope. 
RESULTS
The size-at-age (= growth rate) of colonies of each of the study species showed variability within and between each study locality. The size-at-age values for any given age class overlapped between consecutive localities (latitudes), but values at the highest latitude site did not overlap with those at the lowest site. The high significance (Kruskal-Wallis all H > 43, all p < 0.001) of size-at-age values of Inversiula nutrix, Celleporella bougainvillei and Fenestrulina rugula between localities, however, showed the comparative unimportance of within-site variation. All 3 study species showed a similar pattern; colony sizeat-age was lowest at the location with lowest latitude (South Georgia for I. nutrix, Signy Island for C. bougainvillei and F. rugula) and highest at Adelaide Island (the location at the highest latitude: Table 1 ). The greatest difference in size-at-age values (for colonies of any of the 3 study species) between 2 localities of consecutive latitude was at South Georgia and Signy Island. Here also was the greatest difference in latitude span of any consecutive study sites. The size-at-age differences between site (and, by implication, latitude) were greatest in I. nutrix, in which mean colony size was 4× larger at Adelaide Island than at South Georgia island (Table 1) . At the most southerly location, Adelaide Island, 1 yr old colonies were the size of 3 yr old colonies at South Georgia. This species showed a clear trend of increasing age with increasing latitude along the Scotia Arc (Fig. 2) .
The populations of all 3 species at all localities at which they occurred were dominated by young individuals (Table 1, Fig. 3 ). The most common age class was ≤1 yr, with older classes becoming progressively less represented with increasing age. The greatest number of growth-check lines (= oldest colony) on any colony of Inversiula nutrix at South Georgia was 5 (= 5 yr old). The maximum number of check lines on I. nutrix progressively decreased southwards to just 1 at Adelaide Island (Fig. 3) . The slope of the fitted line (in Fig. 3a) suggests a mortality rate of ~70% yr -1 at South Georgia, increasing to ~99% yr -1 at Adelaide Island. Scars on previous colonies which had been completely removed from rock surfaces were evident on many substratum samples. The age-structure patterns of Celleporella bougainvillei (Fig. 3b) and Fenestrulina rugula were lower than those of I. nutrix along the Scotia Arc, with each having minimum mortality rates of ~70% yr -1 (at Signy Island) and maximum rates of ~90% yr -1 (at Adelaide Island). For equivalent localities (latitudes) the mortality rates of C. bougainvillei and F. rugula were ~10% lower than those of I. nutrix, e.g. 70, 69 and 76% at Signy Island respectively.
Where the nature of any damage to colonies could be ascertained, it was either crushing of the dorsal side (~80% of cases), scraping of the dorsal side (~18% of cases) or breakage of the proximal margin, i.e. the growing edge (~2% of cases). Parts of colonies were completely removed by the forces causing the crushing or scraping. Many colonies showed signs of partial mortality and recovery from structural damage. Judgement of the age and growth performance of such colonies was problematical. Correlation of partial mortality rates with age and complete mortality rates would, therefore, incur high levels of error and were not attempted.
DISCUSSION
Bryozoans are modular colonial organisms (formed of repeating units or zooids) that are exclusively aquatic and mostly marine. They are a particularly suitable group for examining global ecological patterns as they are sessile and 1 of the few taxa abundant and easily accessible on rocky shores at any latitude. The slight differences in the growth and mortality of the 3 species examined here (Inversiula nutrix, Celleporella bougainvillei and Fenestrulina rugula) may have structural explanations, as their zooids differ in size and degree of calcification (see Hayward 1995) . As with most animals, measurement of growth in bryozoans is not without certain problems and assumptions. Here, growth rate of colonies was averaged across year-groups and, as such, masks a variety of subtleties which may have considerable influence on the growth of individual colonies. Amongst such subtleties are position of colony on substrata (local flow regime: see Cancino & Hughes 1987) , genotype (Bayer & Todd 1996) and shrinkage from mechanical or predation damage (Stanwell-Smith & Barnes 1997) .
Certain bryozoan genera (e.g. Celleporella) and even some species (e.g. C. hyalina) span huge ranges in latitude (Hayward & Ryland 1999) . The existence of such cosmopolitan taxa should not only facilitate growth-rate comparisons of ecologically equivalent species, but also enable comparisons of the same actual species. Compared to the (annual) growth of temperate species, the growth rate of polar bryozoans has been found to range from comparable to more than 1 order of magnitude slower. However, rates seem to be comparable during the actual (shorter) period of growth . Such a finding supports the idea of a reduced tempo of growth of polar benthos through food limitation (Clarke 1988) , despite the recent findings of a greater than believed duration of nano-phytoplankton (ciliates and flagellates) abundance and suspension-feeding activity (Barnes & Clarke 1995) . Neither ideas on temperature or food-supply limitation have effectively been tested within the range of conditions encountered in polar environments or using the same species. The field data obtained here, whilst not representing a controlled experiment, do, for the first time, compare populations of the same species at different latitudes within a polar environment. The findings support a previous hypothesis (Barnes & Arnold 1999) that, contrary to the general (polar invertebrate) trend, growth rates increase (for the bryozoans studied at least) with increasing latitude in Antarctic waters.
Why are the findings here so different from the traditional view?
There are a number of possible explanations for growth not only not decreasing but actually increasing in the study species. First, the trend described here might only be true for encrusting rock dwellers or even just encrusting colonial rock dwellers. The mechanism (decreased inter-specific competition) proposed to explain our findings would only influence animals of such nature (see next paragraph). There is some supporting evidence for this. The few non-rock-dwelling species that have been compared between 2 differing latitudes (within the Southern Ocean) show no evidence of increased growth (Ralph & Maxwell 1977 , cf. Stockton 1984 , Barnes 1999b . Second, the growth trend found in the present study depends on growth- check lines being produced on a strictly annual basis. This has long been assumed for a variety of taxa, e.g. bivalve molluscs, bryozoans and brachiopods (see Lutz & Rhoads 1980 , Winston 1983 , Brey et al. 1995 . Whilst this is likely, and has been established for 2 of the study species at 1 of the localities (Signy Island: see Barnes 1996) , it was not established separately at each of the study sites. Furthermore, on other species, Barnes (1995) demonstrated a sub-annual frequency of growth-check production (on an erect bryozoan) whilst Peck & Brey (1998) demonstrated a super-annual frequency (on a brachiopod). If growth-checks at South Georgia were produced super-annually, the latitudinal trend, whilst still present, would not be as striking. Third, the traditional view (see Clarke 1988 ) is based on inference rather than on direct measurements. Although it seems intuitively reasonable that growth in polar waters is reduced, this need not necessarily rule out a differing pattern within cold waters.
Why should growth increase towards the pole?
Food availability is unlikely to be a causative factor of a positive growth trend, as bryozoan growth has previously been found to correlate with the duration rather than the magnitude of phytoplankton abundance . The duration of phytoplankton availability could only decrease (by virtue of reduced sun hours and longer sea-ice duration) further south. We suggest that differential levels of competition may, however, be responsible. All 3 study species are broadly r-selective, and are easily overgrown by most other bryozoans (Barnes & Rothery 1996) . The proportion of space occupied on rocks decreases significantly (Kruskal-Wallis, H = 29.3, p < 0.01) with increasing latitude (Fig. 4a) . Thus, the weakly competitive study species were less likely to encounter a spatial competitor with increasing latitude. Although the number of bryozoan species occurring on rock substrata increases with increasing latitude (Barnes & Arnold 1999) , it was found in this study that they become much less numerous and the probability of inter-specific encounters and overgrowth decreases significantly (r 2 = 0.858, p < 0.001) from 54 to 68°S (Fig. 4b) . Whilst colonies experience reduced inter-specific competition, they are involved in greater levels of intra-specific competition. The latter is, however, much less damaging than the former to the size of colonies (particularly in r-selective species), as intra-specific competition rarely involves overgrowth or protracted 'fights' (Barnes & Rothery 1996 , Barnes & Clarke 1998 . That is, weak overgrowth competitors are more able to persist (and grow) with increasing latitude as the hindrance of competition is reduced.
Why should mortality increase with latitude?
The oldest colony (of Inversiula nutrix) at South Georgia was 5 yr old, but age in this species decreased with increasing latitude to 1 yr old at Adelaide Island (see Fig. 3a ). This striking increase in mortality is probably due to the increase in probability and intensity of ice scour with increasing latitude. Severe or total mortality of macro-benthos has often been observed in the wake of iceberg groundings (Peck & Bullough 1993 , Gutt et al. 1996 , Barnes 1999a . That rocks are scoured so regularly means that high Antarctic shore benthos is very young and assemblages are permanently in a state of colonisation and change. A number of important ecological points result from this. Fauna encrusting rocks appear to have different strategic lifestyles than most Antarctic benthos. Typically, Antarctic marine invertebrates are characterised by K -strategy Barnes & Rothery (1996) , Barnes & Arnold (1999) and Barnes (in press ). The symbols are Falkland Islands ( ), South Georgia ( ), Signy Island ( ), Galindez Island ( ) and Adelaide Island ( ). (b) Proportion of inter-specific competition (cf. intra-specific) with latitude south. Data from Barnes (in press) lifestyles (Clarke 1979) . In direct contrast to this, bryozoan (and probably other encrusting taxa) species with r-strategy characteristics became more numerous with increasing latitude in the study assemblages (Barnes & Arnold 1999, present study) . Less space was occupied on substrata with increasing latitude. Biological competition must, therefore, become less important and, as observed in the present study, fewer interspecific interactions and overgrowth occur. Interspecific encounters are important as they impair growth of a bryozoan colony in a number of different ways. First, potential growth energy can be diverted to form defensive, offensive and sexual structures (Buss 1980 , Barnes & Rothery 1996 , Barnes & Clarke 1998 ). Second, growth may cease along the line of contact, zooids become distorted or reduced, and parts or all of the colony overgrown. Third, feeding currents may be disturbed or even polluted by the competitor, such that feeding efficiency can be seriously reduced (Buss 1980 , McKinney 1992 . Thus, reduced levels of inter-specific spatial competition with increasing latitude (within polar waters) seem a plausible explanation for the changes in growth rates observed in the species studied here. If competition causes the observed trend in increased growth, the very different nature and mode of existence of other polar shore dwellers may mean that a similar reversal in growth trend in other taxa does not occur. Interference competition undoubtedly has some influence in alteration of growth for some species, but whether it is the main factor behind the cline reported here remains to be proven.
